We revisit the results of single-molecule DNA stretching experiments using a rodlike chain ͑RLC͒ model that explicitly includes some intrinsic structural disorder induced by the sequence. The investigation of artificial and real genomic sequences shows that the wormlike chain model reproduces quite well the data but with an effective bend stiffness A e f f , which underestimates the true elastic bend stiffness A, independently of the elastic twist stiffness C. Mainly dominated by the amplitude of the structural disorder, this correction seems rather insensitive to the presence of long-range correlations. This RLC model is shown to remarkably fit the experimental data for -DNA when considering AӍ70Ϯ10 nm (ϾA e f f Ӎ50 nm), in good agreement with previous experimental estimates of the ''dynamic'' persistent length. From the analysis of large human contigs, we speculate about the possible dependence of A e f f and/or A upon the (GϩC) content of the considered sequence.
The highly compacted organization of chromatin in vivo involves DNA coiling up twice around an octamer of core histone proteins to form the nucleosome ͓1͔, followed by successive higher-order foldings to reach maximal condensation in metaphase chromosomes ͓2͔. Since the discovery of naturally bent DNA, several works have investigated the possibility that the DNA sequence may facilitate the nucleosome packaging ͓3͔. Very recently, the statistical analysis of DNA chain bending profiles for complete genome sequences has revealed that long-range correlations in the 10-200 bp range are the signature of the nucleosomal structure and that over larger distances (տ200 bp) they are likely to play a role in the hierarchical packaging of DNA ͓4͔. To which extent sequence-dependent DNA mechanical properties do help to regulate the structure and dynamics of chromatin is an issue of fundamental importance. A possible key to understanding is that the structural disorder induced by the sequence may modify the DNA chain elastic response.
During the last few years, micromanipulation experiments on single DNA molecules have enabled the study of their elastic response to external stretching ͓5͔ and twisting ͓6,7͔ forces. These pioneering experiments are very well described by simple elastic models. In the absence of a twisting force, the wormlike chain ͑WLC͒ model ͓8͔ with a single elastic constant, the bend persistence length A e f f , is sufficient. From the extension vs force data, most experiments yield similar estimates of A e f f Ӎ50 nm in physiological conditions. In the presence of a twisting constraint, the rodlike chain ͑RLC͒ model ͓9͔, which involves an extra parameter, the twist persistence length C e f f , reproduces quite well the experimental extension vs supercoiling curves ( f р0.5 pN) with C e f f between 75 nm and 110 nm ͓9͔. But, as suggested by Trifonov et al. ͓10͔ , the measurable bend persistence length A e f f does not correspond to the bend rigidity A of the double helix. It follows from the joint effect of the ''static'' bend persistence length A o of the random walk defined by the axis of the DNA double helix in the absence of any thermal fluctuations and the ''dynamic'' bend persistence length A of a DNA double helix in the absence of any intrinsic structural disorder:
This equation has received some early theoretical and computational confirmation ͓11͔. Experimentally, from the investigation of natural ͓10,12͔ and ''intrinsically straight'' synthetic ͓13͔ DNA, Eq. ͑1͒ has led to values of A ranging from 60 nm up to 210 nm, as compared to the generally accepted value A e f f Ӎ50 nm. Recently, under some working hypothesis, Nelson ͓14͔ has proved that Eq. ͑1͒ is correct in the limit of weak structural disorder, i.e., A e f f ϭA(1Ϫ), for small ϭA/A o . This correction differs from A e f f ϭA(1 Ϫͱ/2) found by Bensimon et al. ͓15͔ in a random version of the Kratky-Porod model. Also, according to Nelson the twist persistence length would not suffer such a correction: C e f f ϭC. Our aim here is to take explicitly into account the intrinsic local bend and twist fluctuations of the DNA double-helix reflecting sequence information in the RLC model. The conformations of an inextensible RLC under applied tension in the z direction at the free end of the chain are controlled by the elastic energy functional ͓14͔:
up to quadratic order terms in the deformations from the intrinsic quenched (Tϭ0) double-helix configuration 
where the ͕a i ͖ are parameters. In the limit of small stretching forces ( f Ͻk B T/A), one recognizes the linear extension relation ͗z͘/Lϭ 2 3 A f /k B T; in the limit of large stretching forces
. When taking into account the intrinsic structural disorder ͕ i (s)͖, the bend and twist variables no longer decouple and the extension curves a priori depend on the two elastic constants A and C.
In the present work, we solve numerically the isotropic RLC model using the transfer matrix techniques. As discussed by Bouchiat and Mézard ͓9͑c͔͒, this model is singular in the limit of a purely continuous chain, and its discretization requires the introduction of a short length scale cutoff bӍ7 nm ͑approximately twice the double-helix pitch͒. Here we only consider a stretching constraint, torsional forcing will be discussed in a forthcoming publication. To account for the effects of the sequence, we use several experimentally established structural tables that code for the intrinsic local bending and flexibility properties of the DNA double helix. We report the results obtained with the dinucleotide coding tables for the intrinsic i angles elaborated by Ulyanov and James ͓16͔ from nuclear magnetic resonance data and Gorin et al. ͓17͔ from crystallographic data.
In Fig. 1 we show the results of our RLC modeling of DNA stretching experiments for DNA sequences displaying long-range correlations associated to a Hurst exponent value Hϭ0.8, as observed in real genomic sequences ͓4͔. These sequences were artificially built ͓18͔, with the specific goal to generate monofractal bending profiles ͓4͔. For comparison, we have reproduced our analysis, but after having randomly shuffled the nucleotides to suppress the correlations (Hϭ0.5). When averaging the relative extension ͗z͘/L over our two sets of 20 sequences, one gets extension curves that are remarkably well fitted by the WLC model ͓Eq. ͑3͔͒ with an effective bend persistence length A e f f ϽA, found to be quite insensitive to the value of the twist persistence length C ͑less than 1% variation for C͓0,150 nm͔). Therefore we will report results for Cϭ0 only. In Figs. 1͑a͒-1͑d͒, we show the numerical results obtained with the Ulyanov and James table, when fixing Aϭ51.3 nm ͑the -DNA persistence length ͓6͔͒. In Fig. 1͑a͒ , the extension curve obtained for the correlated sequences is compared to the WLC model with Aϭ51.3 nm. As shown in Fig. 1͑b͒ , for a wide range of forces extending almost up to f sup ϭk B TA/b 2 , where discretization effects become significant, this curve is well fitted by Eq. ͑3͒ with A e f f ϭ35Ϯ1 nm, i.e., a value significantly smaller than the dynamic bend persistence length A. This leads ͓Eq. ͑1͔͒ to a ''static'' bend persistence length A o Ӎ110 nm (ϭA/A o Ӎ0.47). The probability density functions ͑pdf͒ of the angles 1 ϭb 1 and 2 ϭb 2 are shown in Figs. 1͑c͒ and 1͑d͒ . In a semilogarithmic representation, these curves fall on the same centered parabola, which is the signature of isotropic zero-mean Gaussian statistics. From value larger than that extracted from our RLC model calculations. In Figs. 1͑a͒ and 1͑b͒ , we do not see any notable change on the extension curve computed for the set of uncorrelated sequences. This is consistent with the fact that the In Fig. 2͑a͒ , we report the experimental extension vs force data recorded by Strick et al. ͓6͔ for -DNA chains (L ϭ48 502 bp). These data are very well fitted by the WLC model ͓Eq. ͑3͔͒ when adjusting the ͑effective͒ bend persistence length to A e f f ϭ51.3 nm. If one uses this value as the dynamic persistent length Aϭ51.3 nm in Eq. ͑2͒, then as shown in Figs. 2͑a͒ and 2͑b͒ , when using the Ulyanov and James table, one gets with the RLC model results that no longer fit the experimental data but that are still well reproduced by the WLC model with an effective bend persistence length A e f f ϭ40Ϯ1 nmϽAϭ51.3 nm. This sequence disorder correction is represented in Fig. 2͑c͒ when using . Using an apparent persistent length A e f f ϭ51.3 nm as observed in the experiments, the inversion of Eq. ͑1͒, leads to Aϭ70Ϯ2 nm ͑Uly-anov and James͒ and 63Ϯ2 nm ͑Gorin͒ for the dynamic bend persistence length ͓see also Fig. 2͑b͔͒ . These results are in good agreement with previous experimental estimates (A ϭ70Ϯ10 nm) of the ''dynamic'' persistence length of natural ͓10͔ and intrinsically straight ͓13͔ DNA chains. Note that we have reproduced our RLC model calculations after having randomly shuffled the -DNA sequence to remove the long-range correlations (HӍ0.8) observed at scales larger than 200 bp ͓4͔, without noticing any quantitative difference from the results reported in Fig. 2. A very interesting issue, which can be tackled with RLC model simulations, is the possible influence of the sequence composition on the elastic response of the corresponding DNA chain. In particular, in possible relation to the isochore structure of the human genome, it has been clearly shown in Ref.
͓19͔ that the long-range correlation properties of human DNA sequences are dependent upon their GC (ϭGϩC) content. In Fig. 3 , we report the results of RLC model calculations for several artificial DNA sequences and two real human DNA sequences of different GC contents. From the results obtained for -DNA in Fig. 2 Fig. 3͑a͒ , results in some systematic ͑i.e., whatever the value of A) decrease of A e f f when increasing the GC percentage. In that respect, the experimental investigation of the human DNA chains looks rather crucial. The observation of no GC content dependence of A e f f would seem to be in favor of the Ulyanov and James table but would not exclude the Gorin et al. table. In Fig. 3͑b͒ , we show the value of A vs the GC percentage required for the RLC model to yield A e f f ϭ51.3 nm when using the Gorin et al. table.
The hypothetical but possible observation of some universal persistence length A e f f Ӎ50 nm for general DNA chains could be understood from the Gorin et al. table by introducing some GC dependence in the dynamic persistent length A in the RLC model. Figure 3͑b͒ reveals higher GC content, larger A, and greater rigidity to the bending of the corresponding chain, a result that would be quite plausible with respect to the actual experimental and numerical knowledge concerning the mechanical properties of the DNA double helix ͓20͔. On the contrary, some experimental observation of a decrease of A e f f when increasing the GC percentage would make the Ulyanov and James table rather inadequate, since it would require A to be smaller in GC rich DNA chains.
To conclude, the numerical results reported in this paper show that the extension vs force RLC model predictions are mainly dependent on the amplitude o 2 of the structural disorder and seem rather insensitive to the possible presence of long-range correlations in the sequence. In that respect, the RLC model can provide decisive test simulations of the pertinence of experimentally established dinucleotide and trinucleotide structural coding tables. Our results should encourage further experiments on the sequence-dependent response of DNA chains to external stretching constraints, as well as motivate molecular dynamics studies of the mechanical properties of DNA at the base-pair level ͓20,21͔. The simultaneous knowledge of the intrinsic local structural dis-
